A set of eight Bok Globules CB3, CB25, CB39, CB52, CB54, CB58, CB62 and CB246 were observed polarimetrically in white light, using our Imaging Polarimeter (IMPOL), from the 1.2 m IR telescope at Mount Abu, India. The observations were carried out on different nights during the period December 1997 and April 1998. The CCD images obtained from the instrument (IMPOL) were analyzed, to produce polarization map of the Bok Globules. The stars in the field, which are mostly background to the cloud show typically 2% of linear polarization. Clouds which are less dynamic (having 12 CO line widths ∆V < 2.5 km s −1 ), in general show slightly better alignment of polarization vectors with the projected direction of galactic plane. On the other hand the more dynamic group of clouds, has the polarization vectors more scattered and poorly aligned with the projected direction of the galactic plane. However one of the clouds observed CB58 does not follow this trend very well.
Introduction
It was first suggested by Bok & Reilly (1947) that small, compact and isolated dark regions in the sky (now called Send offprint requests to: R. Gupta Tables 4 to 15 are also available at the CDS in electronic form (ftp 130.79.128.5) or http://cdsweb.ustrasbg.fr/Abstract.html
Figures 1 to 11 are only available at the http://www.edpsciences.org "Bok Globules") may be undergoing gravitational collapse and may eventually form low mass stars. Barnard (1927) had earlier prepared a list of such dark regions in the sky. Lynds (1962) later published a catalogue, with a larger number of such dark objects. Bok (1956) himself studied many such clouds. Subsequently the importance of these clouds as possible sites for star formation were felt by many workers (papers in Lynds 1971; Villere & Black 1980; Leung et al. 1982; Vrba et al. 1981; Keene et al. 1983; Joshi et al. 1985 etc.) . Recently Clemens & Barvainis (1988) (henceforth CB) have compiled a list of 248 small (mean size ∼ 4 ) and nearby (distance < 1 kpc) molecular clouds.
Bok's speculations got firmly established through Infra-red (IRAS survey) and millimeter studies ( 12 CO map) on these clouds (Keene et al. 1983; Goldsmith et al. 1984; Yun & Clemens 1990; Clemens et al. 1991; Yun & Clemens 1992 etc.) . These clouds undergo gravitational collapse and magnetic force plays a key role in collapse dynamics by mediating accretion, directing the outflows and collimating the jets. The determination of the strength and geometry of the magnetic field in these clouds help to understand the dynamics of the star formation processes (Goodman et al. 1989; Myers & Goodman 1991; Kane et al. 1995 etc.) . However, it is not very easy to determine magnetic field geometry in a cloud. When light from a star passes through the interstellar (henceforth IS) medium it gets linearly polarized due to forward scattering by the dichroic IS grains. The IS magnetic field is believed to be responsible for the alignment of these dichroic grains (Davis & Greenstein 1951) .
In the past there have been many studies of polarization with a view to trace the geometry of the magnetic field in dark clouds. These studies have shown that the relation between the extinction and polarization of the background star is far from unique and depends on the environment of the cloud. Thus although quite large values of polarization could be associated with large extinction (Hodapp 1987; Zaritsky et al. 1987; Jones 1989) , the polarization efficiency appears to be low for dark clouds (Jones et al. 1984; Klebe & Jones 1990) . It was also found that the polarization did not increase linearly with extinction (Jones 1989; Jarrett et al. 1994) . Jones (1989) and Goodman et al. (1990) suggested that a combination of regular and random magnetic fields could be responsible for the lack of linear increase in polarization with extinction. Myers & Goodman (1991) and Jones et al. (1992) modeled the magnetic fields in clouds to explain the polarization-extinction relation. On the other hand, Goodman et al. (1995) and Creese et al. (1995) have argued that the grains in dark clouds are poorly aligned and contribute very little to the polarization. These conclusions have been confirmed by theoretical modeling by Lazarian et al. (1997) and further observation by Arce et al. (1998) .
There is a need to study further: (i) the relation between physical environment in dark clouds and alignment of grains and (ii) alignment mechanism for the polarization vectors and its connection the ambient magnetic fields in the clouds. With these aims we have carried out imaging polarimetric observations of eight clouds selected from the catalogue by CB. From our observations we construct the polarization maps and report our results with some preliminary discussions.
Observation, instrumentation and data reduction
Observations were made at the cassegrain focus (f/13 beam) of 1.2 m telescope of the Gurushikhar Infra-Red Telescope (GIRT; lat. = 24
• 36 ; long. = +72 • 43 ; altitude = 1750 m), Mount Abu, India (operated by Physical Research Laboratory, Ahmedabad, India), in two phases on the nights of Dec. 23, 24, 25, 1997 and Apr. 01, 02, 03, 1998. From the catalogue by CB we selected a set of eight objects. Some of the clouds listed by CB were surveyed for the existence of Young stellar objects (YSO), IRAS point sources and CO outflows (Yun & Clemens 1990; Clemens et al. 1991; Yun & Clemens 1992; Yun & Clemens 1994) . Accordingly the clouds can be divided into several categories (i) Y-where YSO has been detected (ii) R-where IRAS point sources have been detected and (iii) O-where CO outflows have been detected. A cloud can also belong to a category which is a combination of any of these. Further in some cases survey has been carried out, but the cloud has been found to be quiescent having no activity, we call it category Q.
Thus the selection has been made from those clouds, which have been surveyed for YSO, IRAS point sources or CO outflows. We included in our list only one cloud (CB62), where no survey has been carried out.
Also clouds were selected on the basis of their availability in the sky, during the time of our observation from our observatory site. We avoided those clouds having very bright field star(s), because this will saturate our CCD. In Table 1 , we list these eight clouds, with the category of each cloud mentioned within the bracket. All the observations were taken in open filter or white light (W) with 500 seconds exposure time. Table 1 gives a detail of the observation log. We observed the cloud CB54 in two parts, from the central co-ordinates (RA = 07:04:16.8; DEC = −16:24:33) we moved into two regions and named them CB54A (same RA, DEC = 2.5 North of central DEC) and CB54B (same RA, DEC = 2.5 South of central DEC). Thus CB54A and CB54B are separated by 5 in DEC. Besides we observed a region, which is situated 5 south of CB3 and called it CB3N. Similarlry we observed another region 5 south of CB25 and called it "CB25N".
The focal plane instrument used was an Imaging Polarimeter (IMPOL) recently commissioned by IUCAA, Pune, India. The instrument measures linear polarization in the wavelength band 0.45 − 0.7 µm. It makes use of a Wollaston prism as the analyzer to measure simultaneously the two orthogonal polarization components that define a Stoke's parameter. An achromatic half wave plate (HWP) is used to rotate the plane of polarization with respect to the axis of analyzer so that the second Stoke's parameter is also determined. A liquid nitrogen cooled CCD (EEV CCD02-06 series) is used as detector. The CCD has 578 × 385 pixels of 22µ square each, with approximate spectral response (Q.E.) of 25%, 37% and 39% at the wavelengths of 500 nm, 600 nm and 700 nm respectively as per the EEV data sheet. The instrument has an built-in acquisition and guidance unit. With a field of view (FOV) of about 10 mm × 10 mm (6 × 6 ), it can provide polarization information with an angular resolution of ∼ 2 for stellar field or extended objects. The polarimetric accuracies are limited by photon noise. (for details please see Sen & Tandon 1994; Ramaprakash et al. 1998) .
For each object within the field of view, two images, called the ordinary and extraordinary, separated by about 33 pixels, are formed on the CCD. These two images correspond to the two orthogonal linear polarization components that are measured simultaneously. The ratio (R) of the difference between the fluxes collected in the two images to their sum, at different orientations (α) of the HWP are related to the linear polarization (p) and its position angle (θ) by the relation
A polarimetric package was developed for data analysis within the IRAF 1 environments using a mixture 1 IRAF is distributed by National Optical Astronomy Observatories, which are operated by the Association of Universities for Research in Astronomy, Inc, under contract with the National Science Foundation, U.S.A. (Ramaprakash 1998 ).
Polarimetric calibration
For the purpose of calibration, we observed five different polarized and one unpolarized standard stars taken from a list by Sekowski (1975) . The results for the standard stars both "polarized" and "unpolarized" are reproduced in Tables 2 and 3 respectively. For the standard polarized stars, the observed polarization (p), error in polarization (E p ) and position angle (θ) are listed in Cols. 7, 8 and 9 of Table 2 . The error in position angle (PA) i.e. E θ though not listed in the table, can be easily calculated by the relation (Serkowski 1974) :
for E p p. The Cols. 3, 4 and 5 represent the maximum polarization value, corresponding position angle and wavelength as listed by Serkowski (1975) . A small discrepancy within the two sets of values can be due to the fact that, Serkowski (1975) values are at a particular wavelength where polarization becomes maximum. Whereas our observations were carried out either in white light (W ) or V filter (λ = 0.55 µm). Since the interstellar polarization varies with wavelength, what we should observe in the W filter is an observed value of p which is somewhat lower than p max . Further, if θ also slightly varies with wavelength, the observed θ will be different from θ max . However, this seems to be more unlikely keeping in mind the constancy of θ for interstellar polarization (Coyne 1975) .
At this stage without going into the details of wavelength dependence of interstellar polarization, we conclude from Table 2 . that, the observed polarization values are matching with those enlisted by Serkowski (1975) within errors. However, the PA (θ) values show an average offset dθ of −6.9
• for three nights in December 1997 and −10.3
• for April 01, 98. The instrument was remounted on Apr. 02, 1998 due to technical reasons and we observe a different dθ of −7.1
• on April 02, 1998. Now from our observations for the unpolarized standard star HD 114710 (in Table 3 ), we can conclude that our instrumental polarization is less than 0.05%.
Result and discussions
In Tables 4-13, we reproduce the observed linear polarization (p), error in estimated polarization (E p ), corresponding PA values (θ) and m (relative magnitudes) in Cols. 4, 5, 6 and 7 respectively for the stars in these clouds. These magnitudes are just a conversion from the CCD counts and therefore it is merely an indication of the relative intensity of the stars. One should also note that the magnitude scale is not necessarily same for all the clouds 2 . The PA (θ) values are corrected by the θ-offset as obtained after the observation of polarimetric standard stars (please refer to Sect. 3). The field stars in a cloud can be identified through their RA and DEC co-ordinates available in Cols. 2 and 3.
We draw these polarization vectors on the respective position of the stars on the DSS map (Digital Sky Survey map of Palomar Observatory). The length of the vector is proportional to the degree of polarization. The vector line is drawn making an angle with the N -axis (towards East), which is equal to the PA values tabulated in Col. 6. However before plotting, all these θ values were corrected by the off-set (dθ) discussed earlier for the corresponding nights of observations (please refer to Sect. 3). Also on the left-hand corner of each map we have plotted the direction of increasing galactic longitude (∇l). This will give us the projection of galactic plane in that region of the sky, which is expected to be the projected direction of local galactic magnetic field. These polarization maps for all the above clouds are reproduced in Figs. 1-10.
When we observe polarization for the stars in a particular cloud, we are not sure whether the observed polarization is introduced by the cloud or it is just the interstellar polarization for that part of the sky or a combination of the two. To ascertain this, we observed nearby regions of two individual clouds, viz. CB3N and CB25N. We notice that, both these regions contain a set of almost unidirectional polarization vectors and the observed degrees of polarizational don't differ much from star to star. This can be considered to be characteristic of interstellar polarization for that part of the sky.
Also we can see both the clouds CB3 and CB25 contain polarization vectors which mostly follow the trend observed in their respective nearby regions CB3N and CB25N. But the small twist in the orientation of polarization vectors in CB3 (in the lower part of the map) may be due to some reasons intrinsic to the cloud. CB25 mostly contain undisturbed polarization vectors. Clemens et al. (1991) describe some classification scheme for these clouds and divide them into different groups A, B and C. Out of 248 clouds catalogued by CB, most (74%) of the clouds belong to group A, where gas temperatures are cool (T < 8.5
• K) and turbulent gas motions are less (characterized by 12 CO line widths ∆V < 2.5 km s −1 ). When line widths are broader (> 2.5 km s −1 ), we get another set of cool clouds with unusual dynamical activity, these are group C clouds. Under group B we have warm clouds (T > 8.5
• K) but they are less dynamic with narrow line widths. We have observed four clouds CB25, CB246, Cb39 and CB58 from group A and three clouds CB3, Cb54 (comprising two parts) and CB52 from group C (Clemens et al. 1991) . Only for one cloud CB62 the group is not known. Keeping these classification in mind we can analyze the observed polarization values for each cloud. For cloud CB3, the typical polarization values are between 1 − 2% and sometimes even more than 2%. There is not much dispersion among the observed polarization values. However, the polarization vectors do not seem to be aligned in the direction of ∇l, which is the projection of galactic plane. Except for three or four stars, all the polarization vectors seem to be directed in some common direction. As discussed in Sect. 2. this cloud contains YSO, IRAS point source, further it belongs to group C, where some dynamical activities are expected.
CB25 and CB39 are two clouds, which exhibit the best alignment of their polarization vectors in the direction of ∇l, among all the clouds we observed. Also the dispersion in PA (θ) values seem to be very small in both the clouds. The alignment is slightly better in CB25 as compared to CB39. Both these clouds belong to A-group. Therefore we can expect, less dynamical activities and turbulences and here we observe better alignment of the grains (or polarization vectors). The cloud CB25, has polarization values typically near 2%, sometimes even exceeding 3%, however these polarization values can be attributed to the interstellar polarization as discussed earlier, with small contribution from the cloud. For CB39 the polarization vectors are relatively less unidirectional, rather they represent some pattern. The cloud contains YSO, IRAS point sources and CO out flows, so it is definitely more active than CB25.
For CB52 (belonging to group C), the alignment of the polarization vectors appear to be disturbed. The polarization values quite dispersed. Some of the polarization vectors are aligned in the direction of ∇l. This cloud contains YSO and IRAS point sources.
In CB54, there seems to be some emission nebulosity associated with the cloud and we have made observations on the north and south of this. For the northern part (CB54A) the alignment of the polarization vectors is rather poor, as compared to the southern part (CB54B). However, in the northern part of CB54A, the orientation of polarization vectors seem to follow some circular pattern. This is interesting and need to be studied more carefully. CB54 belongs to the dynamic group (C) and it contains YSO, IRAS point sources and CO out flows. The measured polarization values are generally close to 1% and there is wide dispersion among the direction of polarization vectors. CB58 (belonging to group A) seems to be an interesting cloud with low to very high (4−5%) polarization values and direction of polarization vectors are scattered. This cloud seem to be violating the trend where we observed, group A clouds exhibiting slightly better alignment of the polarization vectors among themselves and also with the direction of ∇l. This cloud contains YSO alone.
CB62 is the only cloud cloud which is quite above the galactic plane (bII = 37.58
• ). Otherwise all the clouds we observed are within the galactic disk (bII < ±10
• please refer Table 1 ). Also we have no information about the group in which it belongs. Very few stars appear to be polarized in CB62. This is expected as the cloud is well above the galactic plane, so that the polarization caused by interstellar dust will be relatively less. The directions of polarization vectors seem to be scattered, with degree of polarization ranging from very low to above 2%. The polarization vectors do not appear to be aligned with the projected direction of galactic plane (∇l). If a typical A v for stars in CB62 is found to be similar to the A v for stars in the plane, this proves polarization is mostly interstellar in all the other cases (not arising from the cloud itself).
In CB246 (belonging to group A), polarization vectors are poorly aligned amongst themselves and also with the direction of ∇l. However, if one separately considers the eastern and western regions in the cloud, one can see within these two individual regions the vectors are moderately aligned. This observed feature can be related to some activities in the cloud. However, as seen from Table 1 , it does not contain YSO, IRAS point source or CO outflows.
The reason that the more "dynamic cloud" shows generally poorer alignment with the galactic plane is that these regions tend to be warmer. Warmer regions have been shown to have better grain alignment. So it is possible that only in these clouds polarimetry is tracing the field, which in fact does not align with the galactic plane.
Also to draw a firmer conclusion about the alignments one needs a "control sample" of "off/nearby" positions where the projection direction is compared to the plane direction in the same way as for the globules. We have done it in a way for CB3 and CB25. However, we want to do it for all the globules in future.
In order to discuss about the alignment of the field or the lack of it in individual clouds, we have tabulated the average directions of polarization vectors (θ average ) and the dispersions in the direction of polarization (σ θ ) in Table 15 . If all the stars have Ep p = 0.5, the error on the angle (E θ ) would be ∼ 14 degrees. Hence one can say that a σ θ < 10 degrees would mean that the field is very well aligned, whereas a σ θ ∼ 50 degrees would mean randomly directed polarization vectors (or field). Therefore CB52 represents almost random directions and CB54A & CB58 represent highly dispersed directions of polarization vectors with themselves and the galactic plane.
The disturbance in the polarization directions, that we have mentioned has been discussed extensively by Myers & Goodman (1991) . Their analysis includes several clouds and the number distributions of polarization direction have a single maximum, with dispersion 0.2−0.4 radians. The observed distribution of polarization was modeled as arising from a magnetic field with uniform and non-uniform parts. The uniform part has an isotropic probability distribution of direction, a Gaussian distribution of amplitudes and N correlation lengths along the line of sight through the cloud (with the estimated upper limit N max ∼ 10, based on the cutoff wavelength of hydromagnetic waves).
Conclusions
Imaging polarimetry of eight dark clouds have been carried out in white light and polarization maps have been constructed.
Except for one cloud, we see that the clouds which are marked by less dynamical activities ( 12 CO line widths ∆V < 2.5 km s −1 ) exhibit slightly better alignment of their polarization vectors among themselves and also with the direction of galactic plane (∇l). On the other hand more dynamic clouds (having 12 CO line widths ∆V > 2.5 km s −1 ) seem to have poorer alignment of polarization vectors with themselves and the Galactic plane.
However, one needs to quantify the degree of alignment, dispersions in the direction of polarization vectors etc. and then correlate them with physical parameters of the cloud like 12 CO line widths etc. This calls for a detailed analysis in future.
